Flow-through polymerase chain reaction (PCR) microfluidic systems for fast, small-volume DNA amplification on a single chip are significantly impacting medical and bioanalytical research. We have fabricated an improved, practical flow-through PCR chip by weighting a pressure-sensitive polyolefin (PSP) film onto a cyclo-olefin polymer (COP) substrate. The substrate was cut so as to produce microchannels, and was used to amplify DNA using a small moving liquid plug, in contrast to conventional continuous-flow-through PCR. Infrared (IR) imaging-based thermal analysis of the PSP film enabled the gradient and uniformity of the rapidly flowing microfluid to be accurately visualized, because the PSP film is thin, transparent and heat resistant. The liquid plug flow-through PCR, operating at 150 μl min -1 , showed approximately 55% amplification compared to a commercial PCR instrument, and required only 250 s for 40 cycles. To our knowledge, this is the fastest cycling time reported to date. In a real test sample, the liquid plug flow-through PCR could detect the presence or absence of anthrax in a sample solution in approximately 250 s. Thus, this liquid plug flow-through PCR system, based on our novel PCR chip, excelled in a practical applications compared to other devices.
Introduction
The polymerase chain reaction (PCR) has extremely high specificity due to the amplification of DNA in an exponential fashion, and thus is a promising technique for rapid diagnostic devices outside the laboratory. Using thermal cyclers, PCR creates copies of specific fragments of DNA by cycling through three temperature steps; however, conventional thermal cyclers used for standard laboratory tests are rather large, about the size of a microwave oven. Moreover, each cycle takes approximately 3 min, so that a complete standard reaction requires 2 to 3 h. Furthermore, after acquiring the sample, it must be transported to a laboratory, which makes conventional PCR impractical for field analysis. Therefore, on-chip PCR technologies, which allow rapid detection on-site, without the need for a laboratory, are of great interest to many researchers.
Since the first report of a continuous-flow through PCR, by Martin in the late 1990s, 1 miniaturized PCR instruments performing all of the assay steps on a single chip have been anticipated. [2] [3] [4] In principle, PCR reagents would be loaded into long micro-flow channels and repeatedly carried to individual temperature zones for denaturation, extension and annealing. This flow-through technique would achieve PCR in a short time period because it is independent of the thermal conductivity and ramping rate for heating and cooling. In addition, this approach can be applied to reverse-transcription PCR (RT-PCR) by integrating the microfluidic RT process on a single chip, as demonstrated by the rapid diagnosis of influenza. [5] [6] [7] However, there are inevitable drawbacks resulting from destabilization of the fluid flow in the 95 C denaturation zone, which is near to the boiling point of water. In particular, the generation of air bubbles disrupts the microfluidic flow. Normally, the generation of bubbles is impeded by introducing of a highly viscous liquid just before loading the sample solution. 8, 9 The highly viscous liquid increases the inner pressure in the microchannel, stopping any bubble generation. However, introducing of this fluid complicates operation, thereby hindering progress in the development of flow-through PCR technologies. Overcoming this drawback would allow the design of practical flow-through PCR microfluidic devices.
As a simple approach to resolving this drawback, liquid plug flow-through PCR was attempted in this study as an alternative to conventional continuous flow-through PCR. The air bubbles generated in the microchannel grow gradually, and the flow is destabilized only when the air bubbles are dislodged. In this liquid plug flow-through PCR, the flowing liquid plug passes the point where bubbles are generated before the flow is destabilized. Thus, this liquid plug flow-through technique circumvents flow destabilization in a simple manner and, moreover, reduces the amount of PCR reagent required.
Successful DNA amplification by the liquid plug flow-through method requires precise temperature analysis, and the prevention of liquid plug evaporation and nonspecific adsorption on the wall surface. Most PCR chips have been fabricated from glass, silicon and polymers.microchannel surface, and silicon is opaque. In addition, PCR microfluidic devices made from glass or silicon are not disposable due to the expense of their fabrication, making them impractical. In contrast, polymer resins are inexpensive, and thus disposable. [14] [15] [16] [17] The use of polymers as PCR materials requires that they a) have high thermal stability, with a glass-transition temperature (Tg) above 95 C; b) be resistant to the chemicals used in PCR; c) be able to contain the fluids and prevent evaporation; d) have good dimensional stability (not undergo expansion or contraction); and e) inhibit nonspecific adsorption of PCR reagents on the surface of the microchannels. Furthermore, it is important that the enclosed structure of the microchannels can be made by throughput production and fabrication precision for practical applications.
The pressure-sensitive polyolefin (PSP) film can be utilized in the enclosed structure of the microchannels solely by weighting it onto substrates, resulting in throughput production and fabrication precision that excels that of other devices. This PSP film has good heat resistance with a glass transition point of 110 C, a tight sealing performance, chemical durability and the reduction of nonspecific adsorption of PCR reagents. Furthermore, infrared (IR) images of the microfluid can be captured in real time because the film is very thin. Because it is very important to analyze the fluid temperature, the temperature was optimized for good thermal gradient formation and uniformity in this study. A cyclo-olefin polymer (COP) of heat-resistant resin was used as the substrate, and was processed using a micro-Numerical Control (NC) machine to produce the microchannels.
Most processing technologies of commonly used flow-through PCR chip devices require technical knowledge, experience, and skill. On the other hand, the fabrication of this chip device is a relatively foolproof operation, leading to practical applications. In addition, we optimized the thermal setting of the chip device for successful DNA amplification by the liquid plug flow-through method.
This paper shows that the flow-through PCR system excelled in practical use compared to other devices.
Experimental

Reagents and materials
All reagents used for PCR were from a CycleavePCR Core kit from TAKARA BIO Inc., including: 10 × CycleavePCR buffer, dNTP mixture (2.5 mM), Mg solution (25 mM), Positive Control primer mix, Positive Control probe, Tli RNase H II (200 U/μl), Takara Ex Taq HS (5 U/μl), dH2O. Positive controls contained in the CycleavePCR Core kit from TAKARA BIOs Inc., were employed as the target genes for all PCR analyses. This kit uses Cycling Probe Technology for detection, which is a highly sensitive detection method utilizing a chimera probe composed of RNA and DNA, and RNase H. The specific sequence of the target gene to be amplified can be detected efficiently after amplification, allowing the amplification efficiency to be estimated from the obtained fluorescence intensity.
COP ZEONEX 480 (2 mm thick) is a thermoplastic biocompatible polymer and was purchased from Zeon, Japan. PSP film was purchased from CS-LABO, Japan.
Fluorescence response of the flow-through PCR microfluidic device
The micro-flow channels (200 μm wide × 150 μm deep; Fig. 1a ) on the COP substrate were cut using a CAD-operated NC machine. The flow-through PCR device was fabricated by weighting the PSP film onto the microchannel-containing COP (Fig. 1b) . The layout of the flow-through PCR chip is shown in Fig. 1c . The heater and cooler were composed of 15 × 10 × 100 mm aluminum blocks. The denaturation area and annealing area were set on a 10-mm aluminum block, and the extension area was set on a 15-mm aluminum block. The heat-transfer block contained a heat conductor and temperature sensor (Kyushu-Nissho Co., Fukuoka, Japan), whereas the aluminum block for cooling contained a Peltier cooling element (SPE-UC-100, SAKAGUCHI E.H Corp., Japan). The chip device was placed on the heating and cooling aluminum blocks, and a PCR mixture containing the target genes was introduced through the inlet using a syringe pump. The configuration of the blocks was designed so that the PCR solutions would pass alternately through three different temperature zones. The thermal cycle conditions were: annealing at 20 C, extension at 72 C and denaturation at 95 C. The temperature close to the moving fluid was determined by IR imaging using an IR imager (Ti10, Fluke Corp., Everett, WA). The PCR products were collected in microplate wells, and the fluorescence intensity was measured using a fluorescence microplate reader (Fluoro Skan Ascent, Thermoscientific, Japan).
Results and Discussion
Droplet flow-through PCR
A continuous-flow through PCR system would be advantageous in terms of speed and reduced cost, and would have the potential for automating routine steps, such as injection, DNA amplification and detection. If such a PCR system could additionally solve the significant problem of destabilized flow caused by air-bubble generation (Fig. 2) , it would represent a huge step forward in developing of a practical flow-through PCR chip. Flow destabilization is generally addressed by increasing the inner pressure through introducing a highly viscous liquid into the microchannels. In a liquid plug flow-through PCR system, the entire liquid plug passes the point at which bubble generation generally occurs before any bubble is dislodged from its nucleation point, allowing bubble generation to be circumvented. This approach requires a tight sealing performance, an optimized flow speed, and the necessary microfluidic temperature required for PCR. The tight-sealing performance of the PSP film prevents any liquid plug loss by evaporation, even if the liquid plug is heated close to boiling. If the flow speed is insufficient, air bubbles will be released from their generation point, resulting in unsuccessful DNA amplification due to destabilization of the fluidic flow. In contrast, if the flow speed is too quick, the liquid plug in the microchannel will not attain the set temperature of the chip material. To obtain the optimum flow speeds, temperature analysis of the microfluid is very important for successful DNA amplification, because the amplification efficiencies are highly dependant on the fluid having the correct temperature. We therefore studied which materials of that would be easy to fabricate into a microchip PCR system, and how to fabricate the PCR chip.
PCR chip made of heat-resistant polymer resins, and temperature analysis
Polymer-based microfluidic devices have been employed in the biochemical and biomedical fields due to their low cost, disposability, and easy surface modification. The properties of polymers that could be used in PCR devices were compared. COP 480 has a high heat resistance, with a glass transition temperature of 138 C, which is much higher than that of polycarbonate (PC) or polystyrene (PS). In this study, COP was used as the substrate for the PCR microfluidic device because of its low porosity, high heat resistance, low levels of impurities, low emitted gasses, low nonspecific adsorption on the microchannel surface, and very low water absorbency (the lowest of all plastics which have good dimensional stability).
COP materials are generally bonded by thermocompression using a hot embossing machine. [18] [19] [20] [21] However, hot embossing techniques often deform the micro-flow channel as the bonding area of the substrate increases. Furthermore, this approach complicates the analysis of the microfluidic temperature because of the difficulty of uniformly bonding COP substances. In fact, the PCR chip device was fabricated by thermocompression bonding (COP/COP) using the hot embossing method, and the temperature distributions were compared with the COP/COP device that just had only contacted between the COP substances. The COP substance was 80 mm high and 50 mm wide, and the thickness was 2 mm. Thermocompression was achieved using a nanoimprint instrument from SCIVAX Corp. (X-300H), as previously reported. [18] [19] [20] [21] [22] [23] The chip device fabricated by thermocompression was quite different in distribution than the COP/COP device in simple contact. The difference between the edge area and the central area of the chip device by thermocompression was approximately 10 C in distribution. This difference is due to the edge area being weaker in thermocompression than the central area. In general, uniform thermocompression bonding between the materials toughens as the bonding area increases.
On the other hand, the PSP film can form the microchannel structure of the microchannel solely by weighting it onto the substrate without the need for adhesives, so a chip device made by pressure-sensitive adhesion (PSP/COP) does not deform the micro-flow channels, and allows uniformity in the temperature distribution.
Three temperature patterns on the PSP/COP chip surface are shown in Fig. 3a , and linear markers were drawn to examine the temperature distribution on the chip surface. Gaps between the aluminum blocks prevented inter-block heat transmission. The temperature profile was analyzed based on two linear markers on the chip (Fig. 3b) . The temperature distributions of their lines were almost the same, indicating that the temperature was uniformly distributed along the chip surface.
We studied the steady-state temperature pattern of each zone through IR imaging and by optimizing the temperature setting (Table 1) . First, the temperatures of the aluminum block were set at 95, 72 and 20 C for denaturation, extension and annealing, respectively. The microfluidic temperature in the annealing zone was 55 -60 C when the aluminum block was 20 C. 24 However, the 95 and 72 C temperatures were not correctly set on the chip device, so their settings were adjusted to obtain the desired temperatures. The target temperatures (95 and 72 C) were achieved when the aluminum blocks were heated to 110 and 82 C. The temperature distributions on the chip surface were examined using IR imaging; the standard deviation of each zone was relatively small (approximately 1.5 C), indicating good gradient uniformity on the chip device.
Thus, the chip device made of PSP film and a COP substrate showed a satisfactory temperature distribution for PCR.
Microfluidic temperature analysis and amplification efficiency of the liquid plug flow-through PCR
Although temperature analyses of PCR chip devices have been performed by many researchers, [25] [26] [27] [28] [29] [30] there are few reports concerning the analysis of a moving microfluid. The microfluidic temperature must be analyzed separately from the temperature of the chip material, because the temperature will differ depending on the speed of the moving fluid; as its speed increases, the difference between the temperature setting of the chip material and the temperature of the fluid will increase. Thus, analyzing of the temperature of a rapidly moving microfluid is required for successful DNA amplification. In order to ensure that the temperature of the microfluid was consistent with that recommended for PCR, thermal measuring points of black and white dots were marked along the microchannel as shown in Fig. 4a . IR images of the points were analyzed for different flow speeds. A ten microliters of a 333 mm liquid plug was passed down the channel, and the temperature differences were measured between the annealing and denaturation zones (Fig. 4b) . IR images confirmed clear differences between the flowing and non-flowing liquid plugs. In this study, the recommended thermal cycle for PCR consists of 95, 72, and 55 -60 C for denaturation, extension, and annealing. When the flow speed was 150 μl min -1 , the measured temperature was closest to the recommended condition. On the other hand, the discrepancies between the fluid and block temperature increased when the flow speed was 100 μl min -1 due to destabilization of the flow caused by bubble generation. In addition, the temperature of the fluid in the annealing zone overcooled to less than 50 C. This overcooling increased the risk of residual product formation, such as primer dimmer. When the fluid flow was 200 μl min -1 , the difference between the black and white dots was only 19.5 C versus 38.4 C at 150 μl min -1 . A difference of 19.5 C is too small to form the temperature gradient needed for PCR.
In fact, DNA amplification was performed in 40 cycles, as demonstrated by comparing the fluorescence intensities of the positive and negative control (Fig. 5) . At 150 μl min -1 , their intensities were clearly different. At a flow rate of 100 μl min -1 , the error for the positive control increased. This was due to destabilization of the flow caused by bubble generation and to the creation of a large number of residual products, such as a primer dimmer. The DNA amplification efficiency at a flow rate of 150 μl min -1 was approximately 55% that of a commercial PCR instrument, with a total cycling time of approximately 250 s for 40 cycles.
It is difficult to obtain high amplification yields using a flow-through PCR because the flow speed, gradient and uniformity must be continuously adjusted to that of the PCR recommended conditions. 8, 9 However, the liquid plug flow-through PCR system described in this study produced a significant increase in the fluorescence intensity in approximately 250 s for 40 cycles, which is the fastest reported value to date, to the best of our knowledge. Furthermore, PCR operation and chip fabrication are simpler and faster compared to previously reported continuous flow-through PCRs, thus making this PCR chip device closer to being practical for use (Table 2 ).
Our system was tested using sterilized anthrax as a challenging sample. The sample was provided by the Osaka Institute of Environmental Sciences in Japan, our research collaborator. The product was detected using a Cycleave PCR Bacillus anthracis detection kit Ver 3.0 from TAKARA Bio, Inc. The detection of two toxic plasmid genes, PA and CAP, was attempted following 40 PCR cycles. The data in Fig. 6 shows that the liquid plug flow-through PCR could detect the presence or absence of anthrax with the required sensitivity. 31 Thus, the liquid plug flow-through PCR system described here will have a significant impact due to its fast amplification and the fact that easy fabrication of the chip makes this a promising candidate for practical use. In particular, it is expected that this system would have significant advantages in areas such as clinical applications and the detection of bioterrorism threats.
Conclusion
The flow-through PCR chip device was fabricated by weighting PSP film on the COP substrate; the substrate was cut so as to produce microchannels. It was anticipated that the liquid plug flow-through PCR would effectively circumvent to the destabilization of flow caused by bubble generation. Markers for temperature measurements based on IR imaging were linearly plotted on the PCR chip from the denaturation zone to the annealing zone, and their distributions were profiled. The results showed that chips fabricated from the PSP and the COP provided a satisfactory thermal distribution for DNA amplification. Furthermore, the thin PSP film enabled the analysis of microfluidic temperatures. A sample flow rate of 150 μl min -1 most closely produced the recommended temperature gradient for PCR. DNA amplification efficiency at 150 μl min -1 was approximately 55% compared to a commercial PCR instrument, but the total cycling time was only about 250 s for 40 cycles, which, to our knowledge, is the fastest reported to time. The presence or absence of sterilized anthrax, used as real test sample, could be detected, demonstrating that heat-resistant resin chips used in a liquid plug flow-through PCR system are a promising approach for significantly impacting rapid DNA amplification, chip fabrication, and the generation of simple-to-operate PCR systems. It is anticipated that such chip-based PCR systems will prove to be more practical than other devices. 
